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Excitons and Resonant Inelastic X-Ray Scattering in Graphite
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X-ray resonant inelastic scattering in graphite is analyzed including the effect of a screened core-
hole Coulomb potential in the intermediate state. Numerical calculations of the scattered intensity are
reported. Evidence for the presence of excitonic states in the obsKreglle spectra is provided,
thus identifying a major drawback in the use of resonant scattering as a probe of electronic band
structures. [S0031-9007(97)02852-4]

PACS numbers: 78.70.Ck, 61.10.Dp, 78.70.En

The high brilliance of synchrotron radiation sourcesstrong support to the validity of the foregoing picture,
has stimulated a number of experimental investigationsvhich neglects the Coulomb interaction between the deep
as to the applicability of resonant inelastic x-ray scatter-ls hole and the promoted electron. (For convenience of
ing (RIXS) to determine the electronic structure of solids.the reader, the data of Ref. [5] are reproduced in Fig. 1.)
The probe detects electronic excitations of eneagy= It is important to notice that numerical calculations, based
w1 — wy and momentumy = q; — q, as allowed by on ab initio graphite band structures, do not correctly
the corresponding conservation laws. (The subscripts deeproduce the near-edge emission profiles of Fig. 1. A
note ingoing and outgoing photor’s;= 1.) The physical satisfactory agreement is obtained when a fraction of
information these experiments provide is recorded as the w; = 400 eV spectrum is included, thus introducing
function of w; andw,, at a givenq; usually, the emission a somewhat arbitrary superposition of events which are
spectrum is analyzed for a discrete setwgfvalues, which  far removed in energy [5]; conceptually, this procedure
are taken across an absorption threshold [1-6]. Compared
to photoelectron spectroscopy, the technique has the ad-
vantage of a negligible surface sensitivity and of being free Graphite (HOPG) —«=25°] (A)
from charging effects; given its element specificity, it could C1s Emission [ e a=70°
provide a useful alternative to photoemission in multiele- Experiment
ment materials.

Localized electronic states have been probed with
RIXS, as have broad bands. Spectra, observeddin 3
transition metals and rare earths, have been explained
within atomic theory, calculating the permitted decays
from the intermediate-state multiplets [7,8]. Such a
description is inappropriate to discuss the data collected
from diamond [1,2], BO; [3], boron nitride [3,6], silicon
[4], and graphite [5]. An interpretation of the emission
profiles has been put forward in the framework of one-
electron (independent quasiparticle) theory [2], for these
systems.

RIXS is accurately accounted for by the lowest Born
approximation. In the one-electron limit the final state of
the target differs from the initial one by the presence of
one electron-hole pair in the conduction-valence bands;
the double-differential scattering cross section reflects ——— T e
the joint density of states, weighed by the oscillator bttt b b bt bt
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strength of the local core-level transitions. Moreover, in )
certain electronic structures, the crystal momentum of the Emilted Photon Energy (sV)
excited electron is (almost) uniquely determined at a giverFIG. 1. Graphite RIXS spectra obtained by Carlisle and
absorption energy; amw, scan maps the momentum- co-workers, for two different photon takeoff angles: =

resolved structure of the valence band, in these cases. 2> (Solid lines) anda =70° (dotted lines). Experimental

. geometry: The scattering plane is perpendicular to the graphite
AS reported t?y Ca“'Sle and collaborators [5], the planes; the ingoing photon is linearly polarized in the scattering
observation of dispersive features about teedge of plane, and the outgoing polarization is not detected. The

graphite &284 eV) has been interpreted as providing scattering angle is fixed at 90 (Reproduced from Ref. [5].)
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implies an ill-defined distinction between coherent andBand electrons are identified by a band index and spin
incoherent scattering processes [9]. u = no; core states are labeled by atomic quantum
Objections to the applicability of one-electron theory tonumbersy = jm, with j = ¢ * %; Y (r) represents a
describe the graphite data have been raised by Brihwilgloch electron.
and co-workers [10]. These authors have stressed the Expanding the vector potential in plane waves, the
possible importance of excitonic and vibronic effects intransition amplitude can be given the form
the intermediate state. BZ
This Letter reports numerical results for the RIXScross ., = N> > > M, .(k + qi, €)

section at the carboK edge in graphite; excitonic ef- KK jm.jm’ o

fects are included by considering an intermediate-state X M, (K + q2, €) (1B k,bT,k,ﬂP
Coulomb potential, which acts between the Hble and e ¥ . TR
band electrons. The calculated emission spectra are in sat- X Gw)apk+qbjmxli), ()

isfactory agreement with the experimental observations. \yhere N* = 2me? /(m?V J@1@;), with V a quantization
Theoretical framework—We consider the resonant yume;e; ande, denote photon polarizations. (Recipro-
transition amplitude (aI' = 0, and assuming; = 0), cal lattice vectors have been omitted.) For electric-dipole
Uimp = { fIHinG(w1)Hinli), transitions, the one-electron matrix element is defined by

as determined by the coupling of the photon to the

. = —ik'R g, (e — .
electron paramagnetic current Mijm(K. €) %e € fdwﬂ(r R)p ¢jn(),

e , , . : o
Hp = — — [ drA(r) - T (r)pP(r). (1 WithRa s,|te label in a lattice ofV sites; ¢ denotes
mc a Wannier’s function. A symmetry analysis serves to
The intermediate-state propagator is defined by identify charge and magnetic contributionstip..; [11-
13]; our considerations will be restricted to pure charge

= | — / -1
Glo) ,'Jﬂ‘o(w H+in), scattering.

Electronic relaxation in the resonant process is studied
by considering an electron Hamiltonian of the form
H = Hy, + H,, with Hy describing motion in a periodic

with H the electron Hamiltonian. The total scattering rate
(golden rule) reads

2
Pioi(wy, ) = 777 Z |Ui—>f|25(Ef + wy; — w). structure, and
f o 1
A simple expression for the electron field operator, ) kg HZ Vit pu.jm(Q)
which appears in Eg. (1), is provided by AL "
BZ BZ + X a,u’k”rqumk—qu’m’ka,uk/ (3)
V() = % ApxPpuk(r) + %Zbﬂ,kwﬂ’k(r)' accounting for the presence of a core-hole Coulomb
" "

potential in the intermediate state. (The rigid shift of
The notation is as follows. We adopt the particle-holea fully occupied band has not been included Af.)
picture: Electron annihilation and hole creation operatorzs usual,G = G, + GoH,G, defining the particle-hole
are denoted by, x andbl,k, respectively. (Summations Green function. In the many-electron Bloch representa-
run over occupied and unoccupied levels, accordingl|y.)ion, free-intermediate-state propagation is described by

5#41(4,#21(2677131(3,”111(1
.
W = €4k, T Ejmk, T IN

(pa, Ka; jm3, K3|Go(w)| pwoko; jmik;) = 4)

with & denoting one-electron energies. (Hole states are Expression (5) yields the scattering amplitude in the
underlined.) independent quasiparticle limit. When such an approxi-
Scattering in the independent quasiparticle limit. mation holds, the scattering raf) (o1, w;) provides a
Inserting the free propagat@ry(w;) into expression (2), mapping of the joint density of states of the system. Vari-
we obtain ous features of this three-dimensional structure could then
0 5z . be probed using different experimental setups. A specific
Uy =N Z Z My jm(k + a1, €)M, ;, (K + @2, €2) example: Keepingy; fixed, while varyingew,, amounts

K “’“l'””JF pt I to moving through the valence-band structure. All acces-
X (lapicra buicrq|D ’ (5) sible crystal momenta will be superimposed at a given
w1~ Euk+q T Ejmk T IM energyw; and the momentum resolution of the mapping
with |f)=l@,k +qi; &',k +q2) and E;=e,k+q, —  blurred, in the general case. Notice that different values
&k +qn- of k add up incoherently; in fact, usink; — > ; ;i it
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is straightforward to prove tha (i — f) ~ N, indicat- b K
ing aspatially incoherent processP? (i — i) ~ N?, so structure
that coherence is recovered in the elastic limit. (To higher
order inG, interference terms appear; still, inelastic scat-
tering remains incoherent as one expects.)

To compare the graphite data of Fig. 1 with the predic-
tions of one-electron theory, we have performed numeri-
cal calculations ofP? (w1, wy), for w; = 0,0.5, 1.0, and
1.5 eV. (Photon energies are measured from the absorp-
tion threshold.) Inthe numerical work, the Wannier func-
tions of our general formalism have been replaced with
a basis set of atomic orbitalg,k (r) = >, .k (rlAk),
with A — R;, 1,1, 0; R; runs over the atoms in a unit
cell (lattice with a basis). Only verticall,, 15(k, €) tran-
sitions have been considered, thus disregarding the effects
of a small but finite (about one tenth of the Brillouin
zone) photon wave vector. The spin dependence (diago-
nal) has been neglected. We assumed a core-hole width
I';s = 0.075 eV (FWHM); experimental resolution was
accounted for by convoluting the spectra withoa=
0.5 eV Gaussian line shape.

The results are plotted in Fig. 2 (lower panel, dashed
lines); they have been obtained from the graphite band o, [eV]

. . . . 2
structure depicted in Fig. 2 (upper panel), which we de-
termined by implementing the Slater-Koster tight-bindingFIG. 2. Upper panel: the band structure of graphite. Lower
parametrization scheme [14]. These emission spectra rgggcetl;a”g&e”_‘:%' Sgailﬁl{cﬁletlgr;t?efritr?g gggm‘e‘t‘?ﬁ%@fe':%m'fs"%ﬂe
er<_:t als — @ absorptlon process, near tHesymmetry independent quasibarticle approximation is given by the dashed
point, followed by emission from ther and o bands at jines. The inclusion of a locall = —3 eV core-hole potential
about 0, —11, and —14 eV. The changes in the spectrad represented by the solid lines. The corresponding absorption
profiles, asw; is swept from threshold to 1.5 eV above, (XAS) profiles are depicted in the inset.
are readily explained by following the band structure in
the K — T direction. modeling the measurdg-shell near-edge structure. More

Notice thatone-electron theory provides no explanation recently, core-hole autoionization spectroscopy has pro-
for the emission peak observed at —8.e\As shown Vided further support to the view that, near threshold, the

below, this discrepancy can be overcome by invokingexcited electron is localized [18,19]; thus, excitons signifi-
intermediate-state relaxation. cantly contribute to electronic screening.

Electronic relaxation—The screening of a carbors 1 In the presence of intermediate-state relaxation the
hole in graphite (a semimetal) has been a point of disscattering amplitude is governed by the particle-hole
cussion. The lack of agreement between the one-electrdifopagatorG, and numerical calculations of the spectra
density of states and absorption spectra (electron-energpave been performed by proceeding as follows. We
loss data) was interpreted by Mele and Ritsko [15] as @ssumed a local potential and $&f2)V,,15..,10(q) =
clear indication of a strong excitonic shift in the final state.>", U(A) (Ak/|u'k’) (Ak|uk)8 - in the definition ofH;
Their findings were contradicted by Weegjal. [16], and  electron-hole pair creation has been neglected. In this
by Batson [17]; these authors claimed that a minor (virtucase relaxation reduces to an exactly solvable, two-
ally negligible) excitonic enhancement was sufficient f|orparticle problem; the propagator reads

Scattering rate [arb. units]

k k!
Gy (wl)§<uklAk>U<Ak’m’k'>Gé‘ (w1)

k
(WK 15K |G (@) uk; 1K) = GG (@1)8, w810k + R
L= U3 Gy (0lakluk)l
¥

with GSLk(wl) = (w1 — eux + &1 + zFT‘ -1 and | exciton) is pictured in Fig. 3. The calculated scattering

(Ak|pk) = a,uk. (The potential strengtl is in general rates Py (w1, w>) are depicted in Fig. 2 (lower panel,
A dependent; however, the graphite near-edge structure $®lid lines). U is a free parameter in our model; to obtain
entirely determined by, orbitals, and this dependence an absorption-peak shift close to the observed value, we
can be omitted.) The relevant effect 6f (central-cell have setU = —3 eV, in agreement with Ref. [15]. Our
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